INTRODUCTION
============

In dental implant and prosthetic dentistry, maintaining residual alveolar bone volume after tooth-loss is crucial in order to increase clinical success; however, it often faces limitations due to some factors such as infection, external injury, and other lesions.[@B1] As importance of alveolar bone regeneration in bone defect became more emphasized, various bone regeneration techniques including block bone graft, ridge splitting, distraction osteogenesis, and guided bone regeneration (GBR) have been introduced.[@B2][@B3][@B4] Among these treatment techniques, GBR which was developed by the study of Ashely et al.[@B5] using cellulose acetate filter to induce regeneration of tendon is the most commonly used these days. Many studies have confirmed the predicted efficacy of GBR[@B6][@B7]: GBR utilizes a barrier membrane, restricting a down-growth of connective and epithelial tissues inside of bone defect, maintaining a space for new bone formation, and ultimately promoting bone regeneration.[@B4] Scantlebury et al.[@B8] suggested five prerequisites for a barrier membrane: biocompatibility, cell-occlusiveness, space-making, tissue integration, and clinical manageability. Buser et al.[@B9] underlined that successful bone regeneration by GBR can be achieved when a barrier membrane has sufficient mechanical strength, porosity, and blood clot stabilizing enhancers.

Barrier membranes can be categorized into resorbable and non-resorbable barrier membranes.[@B10][@B11][@B12] Expanded polytetrafluoroethylene (e-PTFE) and titanium mesh are the standard non-resorbable barrier membranes. Although these membranes show excellent mechanical strength and space-making ability, they also have limitations: a second operation is required for membrane removal, and premature membrane exposure can cause some complications such as infection and bone loss.[@B13][@B14][@B15] Resorbable barrier membrane such as degradable materials like collagen.[@B16][@B17] polyactin acid, polyglycolic acid,[@B18][@B19] and inorganic ceramics[@B20] have been introduced in order to overcome these limitations of non-resorbable barrier membranes Collagen is a major component in natural extracellular matrix (ECM); tissue-derived collagen-based membranes have been chosen as important alternatives to synthetic polymers for their excellent cell affinity and biocompatibility.[@B21] In addition, the collagen-based barrier membranes allow some degree of manageability and outstanding tissue-integration.[@B22] On the other hand, it is difficult to predict the degradation period and absorption rate in clinical settings and to examine the regenerated bone tissue. When exposed to moisture or blood, the membranes also show a decreased space-making ability due to their poor mechanical strength.[@B11][@B23] Furthermore, high cost and poor definition of their commercial sources are the limitations of collagen-based barrier membranes.[@B24]

As barrier membranes become universally applicable, excellent biological activity and low cost are acknowledged as additional prerequisites along the other prerequisites mentioned earlier.[@B25] Accordingly, some studies in tissue engineering field have begun to focus on application of bacterial cellulose (BC) as a barrier membrane material. BC produced by Bacterium Gluconacetobacter hansenii TL-2 is a natural polysaccharide with β-(1,4) glycosidic bonds. It performs as a natural extracellular matrix (ECM) mimic, exhibiting advantageous properties including ultrafine, highly-hydrated microfibril network structure made up of 99% water and high-burst pressure.[@B26][@B27] Unlike vegetable cellulose, BC is a pure form of cellulose without any impurities, for example, hemicellulose, pectin, lignin, and biogenic product; thus, its high purity can be achieved through a refining process.[@B28][@B29] Moreover, BC is widely utilized in bone, vascular, cartilage, skin, and various tissue engineering scaffolds since it shows outstanding biocompatibility without eliciting cytotoxicity or immune response.[@B30][@B31][@B32][@B33] Bacterial cellulose is morphologically similar to collagen that possesses a nano-sized structure.[@B34] Therefore, many studies attempted to use BC as a barrier membrane material in GBR, examining its mechanical properties, nanostructure analysis, *in vitro* cell adhesion and proliferation, and *in vivo* bone regeneration.[@B26][@B31][@B32][@B35] However, even though comparing the clinical effects of BC membrane to those of other conventional barrier membranes used in GBR is essential to provide evidences for clinical efficacy of BC membrane, few studies were hardly made.

Therefore, in this present study, bone materials and two different membranes including BC and collagen membranes were applied in rat calvarial defect model. After four and eight weeks of recovery period, the effectiveness of BC membrane on bone formation was compared to that of collagen membrane through histometric analysis.

MATERIALS AND METHODS
=====================

Collagen membrane (GENOSS, Suwon, Korea) and bacterial cellulose membrane (Jadam Co. Jeju, South Korea) were chosen as barrier membranes in this experiment. Bacterial cellulose membrane manufactured with a metabolic product of Gluconacetobacter hansenii TL-2C and fermented Jeju citrus peel. The bacterial strain, Gluconacetobacter hansenii TL-2C was incubated for 7 days in a static culture containing 0.3% (w/w) fermented citrus solution and 5% (w/w) sucrose. The pH was adjusted to 4.5 with acetic acid. The obtained gel-like pellicles of BC were purified by immersion in deionized water at 90℃ for 2 hours and then boiled in a 0.5 M aqueous solution of NaOH for 15 minutes to remove bacterial cell remains. The BC was then washed with deionized water several times and soaked in 1% NaOH for 2 days. Finally, the BC pellicles were washed free of alkali. All other reagents and solvents were of analytical grade and used without further purification.

SEM images of the BC and collagen membrane were obtained with SEM equipment (JSM-6390, JEOL, Tokyo, Japan) operating at 10 kV and 10 - 12 mm in distance. Samples were deposited on a steel plate and coated with gold for 60 seconds.

The BC and collagen membranes were evaluated for their mechanical properties by using Universal Testing Instrument (Instron 5569, Instron Corp., Canton, OH, USA) with 5 kN load cell and crosshead speed of 10 mm/min. The samples were cut into 5 mm width × 30 mm length. This method specifies a procedure for determination of the wet tensile strength by measuring the tensile strength of the samples after 10 minutes soaking in water.

The porosity and pore-size distribution of BC and collagen membrane were characterized by mercury intrusion porosimetry measured with AutoPore IV 9500 mercury porosimeter of Micromeritics Instrument Corporation., USA. The maximum application pressure of mercury was 31,000 psi (214 MPa). The mercury-intrusion measurements were corrected for the compression of liquid mercury and the expansion of the penetrometer (sample holder). Detailed working mechanism of the mercury porosimeter can be obtained from Micromeritics Instrument Corp.

NIH3T3 cells (ATCC® CRL-1658™, mouse embryo fibroblast) were cultured in Dulbecco\'s Modified Eagle Medium with 4.5 g·L^-1^ glucose (DMEM-HG, Gibco BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin in a CO~2~ incubator at 37℃ with 5% CO~2~, 95% humidity, and the medium was changed every two days. The NIH3T3 cells were used at passages 5 and 6 for all experiments.

Cell proliferation was measured using a Cell Counting Kit-8 assay (CCK-8, Dojindo Laboratories, Kumamoto, Japan). NIH3T3 cells were seeded at a density of 1 × 10^5^ cells·well^-1^ on a bacterial cellulose and collagen membrane surfaces and then cultured for 1, 3, and 7 day. After incubation period, the culturing media were exchanged with culture medium containing 10% cck-8 solution. Then, while maintaining under the same condition for 1.5 hours, the absorbance of the cck-8 solution was measured at 450 nm with a UV-Vis spectrophotometer (MQX 200 model, Bio-Tek Instruments, Winooski, VT, USA). All experiments were performed in triplicate.

The cell nucleus and F-actin were stained to evaluate the morphology of cells on the BC and collagen membranes. After cell-culturing for 24 hours, the samples were fixed using 3.7% MeOH-free formaldehyde in PBS for 10 min at 37℃, and then following a wash in PBS, the samples were permeabilized in cytoskeleton (CSK) buffer (10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl~2~, 0.476 g HEPES buffer, 0.5 ml Triton X-100, in 100 mL water, pH7.2) for 10 minutes at 4℃. The cells were blocked in blocking buffer (1% BSA in PBS) for 1 hour at 37℃. Then, the samples were incubated with Rhodamine-phalloidin (1:100) (Molecular probe, Eugene, OR, USA) and Hoechst 33258 (1:1000) (Molecular probes, Eugene, OR, USA), a nuclear stain, for 1 hour at 37℃. Following a wash in PBS, the samples were mounted on glass slides. Fluorescent images of stained cells on BC sheets were acquired using a Laser Scanning Confocal Microscope (LSM 510, Zeiss, Jena, Germany). The projected cell area from the acquired images was analyzed using Image proPlus 4.5 (Media cybernetics, Silver Springs, MD, USA).

Samples of BC and collagen membrane were punched and sterilized as 70% EtOH. NIH3T3 cells were seeded at a concentration of 1 × 10^5^ cells·well^-1^ on the sample surface. After 24 hours of cell culture, the samples were washed three times with PBS. The cells were fixed by adding 4% paraformaldehyde in PBS for 30 min at room temperature. They were rinsed with PBS for 5 minutes, and then the samples were dehydrated by using an ethanol gradient (50, 70, 80, 95, and 100% EtOH for 10 minutes per step). The samples were dried with the Hexamethyldisilazane (HMDS) chemical drying series (3:1, 1:1, 1:3 EtOH:HMDS for 15 minutes, and 100% HMDS allow to air dry). Afterwards, the samples were analyzed with FE-SEM (Field Emission Scanning Electron Microscope, Hitachi S-4800, Hitachi, Tokyo, Japan).

Twenty four male Sprague-Dawley rats (250-300 g in weight) were chosen. Animals were caged individually under standard laboratory conditions in plastic cages. They had free water access and standard laboratory pellets. Animal selection, management, care, preparation for surgery, and the surgical protocol were carried out, following the guidelines from Animal Experimentation of the Korean Atomic Energy Research Institute (KAERI-IACUC-2013-004).

After intramuscularly injecting a mixture of xylazine (Rumpun, Bayer Korea, Seoul) and Tiletamin-zolazepam (Zoletil, Vibac Laboratories, Carros, France), the operation was executed under general anesthesia. The shaved surgical site at cranium was disinfected with Betadine, and 2% lidocaine HCL (Yu-Han Co., Gunpo, South Korea) was administered for local anesthesia. After incising into U-shape, a full-thickness flap of skin and periosteum was reflected. In the middle of cranium, 8 mm circular and transosseous, standardized defect was created with a trephine bur (3i Implant Innovation, Palm Beach Garden, FL, USA). During drilling, the surgical site was washed with saline. After dismissing the trephinated bony disk, experimental and control materials were brought into the prepared sites. 12 animals were distributed to each study group. After treating 0.12 mg hydroxyapatite (HA)/TCP bone graft material (Bio-C, Cowellmedi Implant, Seoul), the defect site of each animal was enclosed with 10 × 10 mm of collagen membrane or BC membrane. The 4-0 absorbable suture (Vicryl®, Ethicon, Somerville, NJ, USA) was used to suture the surgical sites ([Fig. 1](#F1){ref-type="fig"}). 6 animals of each group had a healing period for 4 weeks, and the remaining 6 animals had a healing period for 8 weeks.

With rapid acid decalcification reagents and 14% ethylenediaminetetraacetic acid (EDTA), the calvarial tissue specimens of rats were decalcified. Paraffin was used to embed the specimens, and the center of calvarial defect was sectioned at 5 µm. The most centered sections from each block were stained with hematoxylin-eosin. With a light microscope (BX50, Olympus, Tokyo, Japan), the stained slides were observed, and their images were saved digitally. An image analysis program (Image-Pro Plus, Media Cybernetic, Silver Spring, MD, USA) was used to obtain computer-assisted histometric measurements in order to capture images of new bone and residual biomaterial areas. With the following of the previous study[@B24] new bone and residual biomaterial percentages in defect area were obtained.

All of the quantitative results were obtained from triplicate samples. Data are expressed as mean ± SD. Since not all the group followed a regular distribution, non-parametric tests were performed. Statistical analysis was performed using SPSS ver. 21.0 (SPSS, Chicago, IL, USA). The Mann-Whitney U test was used to determine differences between measurements taken within the groups, and the Wilcoxon signed rank test was used to determine differences between measurements taken at 4 and 8 weeks after surgery within each groups. Statistical significance was accepted for *P* values \< .05.

RESULTS
=======

The SEM images of the two different membranes are displayed in [Fig. 2](#F2){ref-type="fig"}. In the morphologic analysis, distinct differences were not found between the collagen membrane (A, C) and BC membrane (B, D). In case of surface images (A) and (B), both samples confirmed a porous structure made up of the entangled nano-sized fibers. In case of cross-section images (C) and (D), both samples had a multilayered lamellar structure. Especially, image (D) showed a three-dimensional structure of BC cross-linked by nano-fibers.

The mechanical properties of the membranes including their tensile strength, modulus, and strain at failure, are shown in [Fig. 3](#F3){ref-type="fig"}. The tensile stress of BC and collagen membranes was 2.88 ± 0.33 MPa and 2.34 ± 0.09 MPa respectively. The tensile strain was measured to be 3.25 ± 0.39% and 1.85 ± 0.10% respectively, and Young\'s modulus was 644.71 ± 15.23 MPa and 520.21 ± 8.77 MPa respectively. BC showed significantly higher values of tensile strength, strain, and modulus than collagen membranes. We could confirm that the BC has a better mechanical property than the collagen membranes (*P* \< .05).

[Fig. 3](#F3){ref-type="fig"}. Mechanical properties (A) tensile stress, (B) tensile strain and (C) young\'s modulus diagram of collagen membranes and BC membrane after 10 minutes soaking in water.

The porous structure of BC and collagen membranes was each of 59.35% and 34.35%, the diameter of the pore was each of 26 µm and 19 µm, and the total pore area was each of 0.048 m^2^ and 0.014 m^2^.

The CCK-8 assay of cells on the BC and collagen membrane substrates was carried out to test the cell proliferation and adhesion. As shown in [Fig. 4](#F4){ref-type="fig"}, the proliferation of NIH3T3 cells on both BC and collagen membrane increased throughout the incubation period for up to 7 days. After one day, the proliferation of NIH3T3 cells on BC, 41.12 ± 0.33%, did not show significant difference compared to collagen membrane, 47.16 ± 0.61%. However, after 3 days, BC, 50.22 ± 0.52%, displayed significantly lower cell proliferation than Collagen membrane, 89.84 ± 0.12% (*P* \< .05). After a maximum incubation period of 7 days, cell proliferation on BC, 62.87 ± 0.24%, remained significantly lower than that on collagen membrane, 113.95 ± 0.26% (*P* \< .05).

The morphology of adherent cells on the membranes after 7 day is shown in [Fig. 5](#F5){ref-type="fig"} and [Fig. 6](#F6){ref-type="fig"}. The ability of membranes to support NIH3T3 cells adhesion was evaluated by F-actin staining and SEM. The cells on BC membrane maintained a round shape, and actin stress fibers were mainly localized in the periphery of the cell ([Fig. 5C](#F5){ref-type="fig"}, [Fig. 5D](#F5){ref-type="fig"}, [Fig. 6B](#F6){ref-type="fig"}). However, the cells on the collagen membrane were more spread out than those on the BC membrane, and typical long and straight actin stress fibers of the cells were observed on membrane ([Fig. 5A](#F5){ref-type="fig"}, [Fig. 5B](#F5){ref-type="fig"}, [Fig. 6A](#F6){ref-type="fig"}).

Healing was uneventful in all animals. After a healing period of 4 weeks, the defect region was limited by a membrane in the BC and collagen membrane groups, and the space formed under the membrane was charged with fibrous connective tissue and bone-like materials. Blood vessels were invading the defect area, especially inside of the membrane ([Fig. 7](#F7){ref-type="fig"}). In addition, both the BC and collagen membrane groups showed new bone formation derived from existing old bone and around the bone grafted materials, but most of this new bone tissue was immature. In the defect area, mesenchymal cells randomly located within collagen fibers of fibrous connective tissue and osteoblasts derived from the mesenchymal cells nearby were observed around the newly formed bone matrix (osteoid). The lightly stained matrix is osteoid. ([Fig. 7E](#F7){ref-type="fig"}, [Fig. 7F](#F7){ref-type="fig"}). At 8 weeks in this group, both the BC and collagen membranes remained and revealed good tissue integration ([Fig. 8A](#F8){ref-type="fig"}, [Fig. 8B](#F8){ref-type="fig"}). New bone tissue of the BC and collagen membrane groups was more mature, and there was more new bone formation within the defect margins ([Fig. 8C](#F8){ref-type="fig"}, [Fig. 8D](#F8){ref-type="fig"}). Osteoblast rimming was observed around the newly formed bone matrix. In particular, active cuboidal osteoblasts and osteocytes were found around the bone-like materials and new bone. Osteocytes within lacunae were found in the more heavily stained bone matrix ([Fig. 8E](#F8){ref-type="fig"}, [Fig. 8F](#F8){ref-type="fig"}). After 8 weeks of healing, in the BC and collagen membrane groups, a greater amount of fibrous connective tissue and new bone formation was observed than at 4 weeks. However, the histometric measurements of each group showed no significant difference in new bone formation (%) between week 4 and week 8, and a significant difference was not observed between BC and collagen membranes either. The histometric measurements are summarized in [Table 1](#T1){ref-type="table"}. In comparison of groups with different membrane materials, mean neo-tissue (NT)/ new-bone (NB) area (%) was no significantly between collagen and BC groups at 4 weeks (collagen : 17.13 ± 9.65%, BC : 15.82 ± 2.95%) and 8 weeks (collagen : 17.47 ± 5.09%, BC : 16.78 ± 5.27%) (*P* \> .05). As comparing a healing period within a group, new-bone area (%) of collagen and BC groups was maintained throughout the healing period for up to 8 weeks.

DISCUSSION
==========

In this study, application of bacterial cellulose (BC) membrane on rat calvarial bone defect area manifested a high degree of biocompatibility and tissue integration, similarly to collagen membrane. This corresponds to the result from the previous study by Helenius et al.[@B35] suggesting *in vivo* biocompatibility of BC. Macroscopic inflammation signs such as exudate and edema were not observed around the grafted BC membrane, and foreign body and microscopic inflammation response induced by cellulose-based materials were negligible. The host tissue integrated suitably, and no chronic inflammatory reaction was found. In addition, during 4 weeks and 8 weeks of healing period, an amount of new bone formation in defect region loaded with BC membrane was similar to that of collagen membrane application. Moreover, a proper progression of new bone formation confirmed the efficacy of BC as a barrier membrane that secures and maintains space for bone regeneration.

Collagen membrane is widely used in clinics and noticed as a biodegradable membrane that exhibits great advantages such as excellent biocompatibility, feasible manageability, and especially no requirement for second surgery; therefore, a comparative study comparing BC membrane to collagen membrane was inevitable. BC membrane and collagen membrane used in the present study shared similar Scanning Electron Microscope images: the outer surface of both BC membrane and collagen membrane displayed an entangled porous structure made of nano-sized fibers, the cross-sectional surface showed a multilayered lamellar structure, and BCM exclusively presented an interconnected 3-dimensional structure of microfibrils between layers. This 3-D microfibril network is formed by holding cellulose chains of 20 - 50 nm nanofiber via hydrogen bond.[@B36] This particular holding allows outstanding extension strength, water retention capacity, and Young\'s modulus, and it accounts for a high degree of crystallinity, low solubility, and poor degradation of cellulose *in vivo*.[@B35][@B36] Compared to collagen membrane, BCM showed significantly higher wet tensile stress, tensile strain, and Young\'s modulus. As Buser et al.[@B9] reported mechanical strength of a barrier membrane as a key factor for successful GBR, the superior mechanical properties of BC membrane affect prominently on achieving stable bone tissue regeneration.

However, in spite of excellent mechanical properties, water retention, and biodegradation of polymeric matrix, if the matrix doesn\'t exhibit bioactivity to support interaction with cells, it cannot be used as a barrier membrane for tissue engineering. Compared to synthetic polymers, biopolymers with naturally porous structure such as bacterial cellulose and collagen are renowned for their excellent biological function.[@B31] Several factors should be considered thoroughly in order to achieve cell-occlusiveness and tissue integration as a barrier membrane: for instance, the porosity of a biopolymer has to block penetration of undesired tissues such as fibrous tissue and epithelial cells into bone defect while accepting and integrating essential tissues for angiogenesis and bone regeneration.[@B9] Zellin and Linde[@B37] and Lundgren et al.[@B38] reported that compared to membranes with non-porous or reduced porosity, application of a membrane with porosity larger than 25 µm improved bone formation during initial hearing period. Moreover, Zaborowska et al.[@B39] suggested that a barrier membrane with nanoporosity that is effective with cell attachment and osteoblastic differentiation and microporosity that enhances cell migration, transport of nutrients, cell cluster within the pores, and the formation of denser mineral deposits performs as an ideal scaffold for bone regeneration. In this experiment, 3-dimensional porous structure of BC membrane was observed to contain approximately 60% of porosity and the pore diameter of 26 µm, representing its highly porous structure compared to collagen membrane. However, after 7 days of cell culture *in vitro*, cell proliferation on the surface of BC membrane was measured to be lower than that on collagen membrane surface, and the attached cells on BC membrane were observed to exhibit polygonal morphology in contrast to cells on collagen membrane displaying noticeable f-actin stress fibers.

This morphological characteristic of cells was reported in the previous studies where BC was used.[@B31][@B39][@B40][@B41] Mechanical and biologic properties of a commercial were enhanced via physical methods including gamma or ultraviolet radiation[@B42] or chemical cross-linked methods including formaldehyde or glutaraldehyde.[@B31] BC membrane also contains an outstanding 3-dimensional cross-linked structure formed by neutral porous nanofibrils. However, BC membrane drew weaker cell response than collagen membrane as observed in this experiment: the absence of charged groups in neutral polysaccharides of BC membrane enhances biocompatibility, but it poses negative influence on cell adhesion and proliferation efficacy due to lack of cell cognition.[@B39] Cell adhesion can be accomplished when negative groups of cell surface get coupled with positive charges of membrane surface and the interaction between cell and membrane can be affected not only by charge density but also by crystallinity of membrane, arrangement of polymers, water absorption properties, surface morphology.[@B31] In contrast to polymers used for other tissue engineering, a barrier membrane for GBR has to satisfy cell-occlusiveness and tissue integration. Thus, through observing more periodically over observation period, further studies on BC membrane should address inhibition of unwanted cell invasion, such as epithelial cells, and its excellent adhesion and proliferation of cells required for bone regeneration like osteoblasts.

Through *in vitro* experiment, BC membrane exhibited more decreased cell adhesion and differentiation than collagen membrane during the initial period; however, based on *in vivo* experiment analysis on bone regeneration at week 4 and 8 of delayed healing period, the degrees of bone regeneration in the both cases were comparable. As mentioned earlier, the studies by Zelline and Linde[@B37] and Lundgren et al.[@B38] reported that after 12 weeks of healing period, the total amounts of neogenetic bone of all types of membrane were similar. Based on the histological analysis of this experiment, mesenchymal cell, collagen fibrous connective tissue, osteoblast, osteoid, osteocyte in lacuna, bone matrix, and blood vessel were observed inside of the defect space separated by bacterial cellulose membrane. Transmembrane penetration of blood vessels which increases blood supply in GBR[@B43] was observed, and its pattern was different in the two membranes. While collagen membrane with multilayered lamellar structure showed a linear arrangement of blood vessels, BCM with cross-linked porous structure exhibited a packed and randomized arrangement of blood vessels. This blood vessel arrangement of BCM seems to encourage tissue regeneration.

The observation made at week 8 after applying BC membrane onto 8 mm calvarial defect area revealed the woven bone near the existing old bone at defect margin and a small amount of the lamellar bone. Inside the defect area, mesenchymal cells within a collagen fiber were scattered irregularly around bone graft materials, osteoblasts differentiated from mesenchymal cells created a lining, and the formation of osteoid around osteoblasts was observed. The healing process through intramembranous ossification was carried out comparably in both membranes. The grafted BC membrane did not induce inflammatory response; it integrated appropriately with the surrounding tissue, stabilized the defect area, and maintained adequate space for bone regeneration, satisfying the standards as a barrier membrane. However, observing twice at week 4 and 8 seems insufficient to evaluate inflammation during the initial stage of grafting, to predict the timing of complete biodegradation, and to assess new trabecular bone formation inside the defect. Thus, observations should be made more frequently and periodically, and an observation period should be long enough. Helenius[@B35] reported BC membrane not degraded after 12 weeks. Märtson[@B44] who used rat model confirmed softening and fragmentation of cellulose sponge after 16 weeks and designated the cellulose sponge not degraded completely after 60 weeks as \"a slowly degradable implantation material.\" Bacterial cellulose shows lower degradation due to its high crystallinity and the cellulose can be degraded naturally by fungal and microbial enzymes that execute hydrolase attack on β-(1,4) glycosidic bonds, but these cellulose enzymes do not exist in mammals.[@B31] Along the availability of cellulose enzyme and crystallinity of cellulose, a rate of BC degradation depends on chemical components of a main chain and side groups, aggregation state and morphology of BC material, hydrophilic-hydrophobic balance, surface area, and other factors.[@B39] Therefore, further studies on regulating the rate of degradation are required.

Mandible and maxilla in which GBR method can be applied in clinical settings are flat bones; therefore, based on the experimental result from this study where rat calvarial flat bone defect was adopted, bone repair and remodeling through intramembranous ossification process can be predicted in these bones. However, in order to perform chairside application using BC as a barrier membrane, as Bottino et al.[@B45] mentioned, it is critical to design a defect model that replicates specific clinical conditions of alveolar bone in mandible and maxilla with larger animals and to assess true biomechanical integrity and biodegradation, healing, vascularization properties, and regeneration and remodeling.

CONCLUSION
==========

In this study, application of bacterial cellulose membrane fabricated using biomimetic method on rat calvarial bone defect area was carried out comparably in collagen membranes. During healing period, a proper progression of new bone formation confirmed the efficacy of bacterial cellulose membrane as a barrier membrane.
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![*In vivo* operation procedure full-thickness rat calvarial defects. (A, B) In the middle of cranium, 8 mm-diameter defect was created with a trephine bur. (C) The defect site treated with bone graft material and (D) enclosed with barrier membrane (Collagen membrane (GENOSS, Suwon, Korea) or bacterial cellulose membrane (Jadam Co. Jeju, South Korea)).](jap-7-484-g001){#F1}

![SEM micrographs of (A, C) collagen membrane and (B, D) bacterial cellulose membrane. The (A, B) surface side and (C, D) cross-section side showed nano porous structure (original magnification: ×3,000 \[(A), (B)\], ×1,000 \[(C), (D)\]).](jap-7-484-g002){#F2}

![Mechanical properties (A) tensile stress, (B) tensile strain and (C) Young\'s modulus diagram of collagen membranes and BC membrane after 10 minutes soaking in water.](jap-7-484-g003){#F3}

![Proliferation of NIH3T3 cells cultured on BC and collagen membrane prepared at various fluorescence as quantified by a CCK-8 assay at 1, 3 and 7 days.](jap-7-484-g004){#F4}

![Immunofluorescent staining image of the adherent cells on (A, B) collagen membrane, and (C, D) BC membrane after 7 days measured by a confocal microscope (original magnification: ×200 \[(A), (C)\], ×400 \[(B)\].](jap-7-484-g005){#F5}

![SEM image of the adherent cells on (A) collagen membrane (B) BC membrane after 7 days (original magnification: ×2,000 \[(A), (B)\]).](jap-7-484-g006){#F6}

![H&E staining of histological sections of defect sites at 4 weeks after surgery. New bone formation and fibrous connective tissue were observed in the collagen group (A, C, E) and in the BC group (B, D, F). The membrane was not absorbed. The rectangles in (A, B, C, D) indicate the new bone formation. white arrow: mesenchymal cell; black asterisk: blood vessel; yellow asterisk: osteoid; yellow arrow: osteoblast; green arrow: osteocyte within a lacuna; (original magnification: ×12.5 \[(A), (B)\], ×100 \[(C), (D)\], ×400 \[(E), (F)\]).](jap-7-484-g007){#F7}

![H&E staining of histological sections of defect sites at 8 weeks after surgery. New bone formation and fibrous connective tissue were observed in the collagen group (A, C, E) and in the BC group (B, D, F). The membrane was not absorbed. The rectangles in (A, B, C, D) indicate the new bone formation. white arrow: mesenchymal cell; black asterisk: blood vessel; yellow asterisk: osteoid; yellow arrow: osteoblast; green arrow: osteocyte within a lacuna. (original magnification: ×12.5 \[(A), (B)\], ×100 \[(C), (D)\], ×400 \[(E), (F)\]).](jap-7-484-g008){#F8}

###### Mean (± SD) of neo-tissue (NT)/ new-bone (NB) area (%) to groups at 4 and 8 weeks after surgery
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  Group (membrane)   4 weeks        8 weeks        *P*^†^
  ------------------ -------------- -------------- --------
  Collagen           17.13 ± 9.65   17.47 ± 5.09   .917
  BC                 15.82 ± 2.95   16.78 ± 5.27   .753
  *P*^\*^            .937           .818           

The symbols \'^\*^\' and \'^†^\' indicate statistical significance; the collagen vs BC groups, respectively (*P* \< .05).

[^1]: ^†^These authors contributed equally to this work.
